Drosophila melanogaster and rat cytochromes c in which proline-30 was converted to alanine or valine were expressed in a strain of baker's yeast, Saccharomyces cerevisiae, where they sustained aerobic growth. The mutations had no significant effect on the spectra or redox potentials but altered drastically the stability of the bond between the methionine-80 sulfur and the heme iron, as judged by four criteria: (i) the alkaline pKa values of the 695-nm band of the ferric form of the mutant proteins decreased by almost 1 pH unit as compared to the wild types; (ii) the acid pKa values increased by 0.5 to 1.2 pH units; (iii) the 695-nm band half-disappeared at temperatures 10-20TC lower in the mutant proteins than in the wild types; and (iv) the 695-nm band of the mutant proteins was susceptible to concentrations of urea that had little influence on their overall structure. The valinesubstituted rat cytochrome c had properties intermediate between those of the wild type and the alanine mutant. The destabilized coordinative bond is located in space a long distance from the mutation site. It is suggested that the mutations weaken the hydrogen bond between the carbonyl of residue 30 and the imino group of the imidazole of histidine-18, modifying the bonding of the heme iron by that imidazole, which, in turn, through a trans effect, weakens the bond between the heme iron and the other axial ligand, the sulfur of methionine-80. Alternatively, the effect of the mutations may be propagated allosterically along the peptide chain.
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Out of the 103 to 116 positions of the primary structures of mitochondrial cytochromes c, 20 are occupied by phylogenetically invariant amino acids (1, 2) ; of these, some are of particular interest because of their relationship to the prosthetic group and its immediate environment. One such residue, proline-30, is hydrogen-bonded through its carbonyl to the pyrrolic nitrogen of the imidazole group of histidine-18, whose imino nitrogen is, in turn, one of the two axial ligands of the heme iron (3, 4) (Fig. 1) . Thus, this hydrogen bond initiates a spatial sequence that continues in histidine-18, the heme iron, and methionine-80, the sulfur of which is the other axial ligand of the heme iron. This phylogenetically invariant spatial sequence defines the closed-crevice (5) structure of cytochrome c.
It has been suggested that the function of proline-30 is to anchor the iron-binding imidazole (3) and that the rotational restrictions imposed by the side chain contribute to this effect (1) . Further, it has been argued that the position of the imidazole relative to the porphyrin plane maximizes the back-bonding properties of the iron and consequently increases the strength of the heme iron-methionine sulfur bond (6) . The heme plane, with pyrrole rings indicated in roman numerals, is viewed from the top front, slightly tilted toward the left, so that the imidazole (im) of histidine-18 on the right side is closer to the viewer than the sulfur (S) of methionine-80, on the left side of the central heme iron atom (Fe). The imidazole axial ligand is hydrogen-bonded (dotted line) from its imino nitrogen to the backbone carbonyl of proline-30. This proline is preceded by a y bend consisting of residues 27, 28, and 29, hydrogen-bonded (dotted line) between the carbonyl of the last residue and the amide nitrogen of the first. The more usual hydrogen bond between the carbonyl of the first residue and the amide nitrogen of the last (arrows) is absent. The amino acid residues are indicated in three-letter code, placed near their a-carbon atoms. The structure is that of tuna cytochrome c (3, 4) .
The production of a mitochondrial cytochrome c substituted at position 30 in quantities suitable for structural and functional analysis would allow testing of the hypothesis that proline-30 plays an important role in modulating the strength of the closed crevice of cytochrome c. Attempts to prepare, by random or site-directed mutagenesis, a cytochrome c substituted at position 30 have hitherto been only partly successful. Strains of yeast in which the iso-1-cytochrome c gene expressed a protein with leucine at position 30 grew very poorly aerobically, presumably indicating that the mutant Proc. Natl. Acad. Sci. USA 87 (1990) cytochrome was functionally defective (1) . Also, a yeast strain transformed with a plasmid carrying a site-directed mutant of iso-2-cytochrome c with threonine at position 30 showed synthesis of the protein but grew so poorly that the mutant cytochrome c could not be prepared (7) . Earlier, Poerio et al. (8) (9) .
For the present study, the host used was the Saccharomyces cerevisiae strain GM-3C-2, which does not express its own two isocytochromes c. Transforming this strain with a multicopy plasmid containing cytochrome c genes enabled it to synthesize the protein and grow on a nonfermentable carbon source. Furthermore, cytochromes c in which proline-30 was replaced by alanine or valine also supported aerobic growth. This paper describes two recombinant wildtype cytochromes c, the proteins ofDrosophila melanogaster (DMc) and Rattus norvegicus (RNc-II), and their mutants, DMc-P30A, RNc-P30A-II, and RNc-P30V-II, carrying alanine or valine at position 30. As expected from the above hypothesis about the structural role of proline-30, the stability of the native heme iron-methionine-80 sulfur bond is drastically decreased by these mutations, even though the overall protein conformation is less affected. A preliminary report of some of these observations was presented elsewhere (10).
MATERIALS AND METHODS
Expression and Preparation of Heterologous Cytochromes c from Yeast. Rat cytochrome c was produced from an expression vector containing the rat cytochrome c pseudogene RC9 (11) modified as previously described (12) . To produce D. melanogaster cytochrome c, the 5' noncoding sequence of the gene, DMcO1 (13, 14) , was removed and the gene was cloned behind the yeast CYCJ promoter (a kind gift from R. Zitomer, State University ofNew York, Albany). This hybrid gene was ligated into the yeast episomal shuttle vector YEp13 (15) to produce the plasmid YEpDMcO1. This molecule, when transformed into the yeast GM-3C-2 (trpl-1, leu2-2, leu2-12, his4-519, cycl-J, cyp3-1, cyc7-, gal-; ref. 15) , which produces neither of the two isocytochromes c, confers on the strain the ability to grow on a nonfermentable carbon source, indicating expression of the fly cytochrome c and its ability to complement the mitochondrial electron transport chain.
The mutations of proline-30 to alanine or valine were made on DMcO1 and RC9 by site-directed mutagenesis, as described by Zoller and Smith (16) .
Yeast strains were grown and the cytochromes c were extracted and purified essentially as described (10, 17) . The final step of the purification process was HPLC on cationexchange columns, the rat cytochrome c on a sulfopropylsilica and the drosophila protein on a carboxymethyl-silica resin (10) . While the natural cytochromes c of yeast are trimethylated at lysine-72 (18), the recombinant cytochromes c prepared in cultures of yeast were found to be variously methylated at the same residue. Thus, the drosophila cytochrome c resolved into four fractions, representing cytochromes c with tri-, di-, mono-, and unmethylated lysine-72, in proportions of approximately 40:25:25:10, respectively. In contrast, the recombinant rat cytochrome c separated into two fractions, both of which were fully trimethylated at lysine-72, but which differed by having either an acetylated N-terminal glycine (fraction I), as is the case for natural rat cytochrome c (19) , or an unblocked N-terminal glycine (fraction II) (12) . These were obtained in proportions of about 25:75, respectively. All four forms of the recombinant drosophila cytochromes c were found to be unblocked at the N terminus, as is the natural fly protein (20, 21 (22) .
The integrity of the heme iron-methionine-80 sulfur bond was determined from the absorbance of the 695-nm spectral band (23, 24) , with correction as described by Kaminsky et al. (25) . This band is associated with the ligation of a low-spin ferric heme iron by the bivalent sulfur of methionine-80, and its intensity changes in response to titration of the cytochrome c with temperature, pH extremes, and urea (23) . The equilibrium considered to formally represent this system is a two-state transition:
(Met) S-Fe3+-imidazole (His) = X-Fe3+-imidazole (His) [1] The 695-nm band is present as long as the sulfur is bonded to the heme iron. It disappears when the methionine is displaced by an as yet undetermined non-methionine ligand, denoted as X, which may be the e-amino group of lysine-72 or lysine-79 (26) (27) (28) (29) . It The effect of temperature on the 695-nm band of the cytochromes c in 0.1 M potassium phosphate buffer at pH 7.0 was measured by increasing, in increments of 50C or less, the temperature of the sample, as measured in the cuvette with a Cole-Parmer 8508-45 type K thermocouple thermometer (Cole-Parmer). Care was taken to allow the spectrum and the temperature to reach constancy at each reading. For the analysis of the thermal titrations, the 695-nm absorbance at low temperatures (20'C or lower) was assigned to the Fe-S state of the protein, represented by the left term of Eq. 1. In cases in which the end point of the titration could not be reached before the protein precipitated, the absorbance ofthe Fe-X state was taken to be that of the cyanide complex, which also lacks the 695-nm band (23) .
Thermal and urea titrations were treated as two-state systems (see Eq. 1), as described under Results.
RESULTS
General Properties of the Mutant Proteins. DMc-P30A, RNc-P30A-II and RNc-P30V-II have spectroscopic features and oxidation-reduction potentials practically identical to those of the corresponding wild-type proteins. The latter are listed in Table 1 .
Titrations of the Heme-Linked Ionizations. The ionizations of the wild-type and mutant ferric proteins associated with changes in the absorbance of the 695-nm band were examined within the alkaline and acid ranges. The alanine-30 mutants had the pKa of the ionization lowered by about 1 pH unit, indicating a weakening of the sulfur-iron bond, while the valine-30 mutant of the rat protein displayed a smaller change ( Table 1 ). The titrations in the acid range led to analogous conclusions, all the cytochromes showing similar spectroscopic effects, with the appearance of high-spin bands centered at 620 nm accompanying the loss ofthe 695-nm band (31).
The pKa values for the acid heme-linked ionizations were about 1 pH unit higher for the alanine-30 mutants and only 0.7 pH unit higher in the valine-30 mutant cytochrome c as compared with the respective wild-type proteins (Table 1) .
Urea-Induced Changes in Conformation. The loss of half of the 695-nm band absorbance of the recombinant ferric wildtype cytochromes c occurred at lower concentrations of urea for the drosophila protein (5.5 M) than for the rat protein (7.4 M) (Fig. 2) . In both cases, the proteins with substitutions at proline-30 were considerably more susceptible to urea than the wild-type proteins, halfdisappearance ofthe 695-nm band occurring at 1.1 M urea for DMc-P3OA, at 3.8 M urea for the RNc-P3OA-II, and at 2.5 M urea for the RNc-P30V-II.
To determine whether the effects of urea on the 695-nm band were paralleled by major changes in the conformations of the proteins, ultraviolet CD spectra of the drosophila proteins and tryptophan fluorescence spectra of the rat proteins were recorded over a range of urea concentrations up to 9 M. The mean residue ellipticities at 220 nm indicate that in 2 M urea, a concentration at which the 695-nm band of DMc-P30A is >90% lost, the protein still retains 85% of its native helical content (Fig. 2) . Similar results were obtained from the tryptophan fluorescence emission studies of the rat cytochrome c mutants. RNc-P30A-II, at 5 M urea, loses >80% of the 695-nm band absorbance while retaining >60% of its native conformation. The effect ofurea on RNc-P30V-II is nearly as dramatic as with DMc-P30A. At 5 M urea, the 695-nm band for this protein has only 20% of its original absorbance, while the overall structure has retained 80% of its native conformation. These results indicate that while the mutations at proline-30 cause a significant decrease in the conformational stability toward urea, this effect is moderate as compared to the influence of these mutations on the stability of the methionine-80 sulfur-heme iron bond.
Thermally Induced Spectral Changes. The thermal titration curve for the drosophila mutant protein, DMc-P30A, shifted to lower temperatures as compared to the wild-type parent, DMc, corresponding to a 21°C decrease of the midpoint of the thermal titration, til, (Table 1) , indicating a weakening of the closed crevice structure. The same applied to the rat mutant cytochromes c, for which the midpoint temperatures of this transition occurred at about 10°C lower than for the wild-type protein (Table 1) .
DISCUSSION
The present results show that the three mutants of drosophila and rat cytochromes c studied, DMc-P30A, RNc-P30A-II, and RNc-P30V-II, have redox potentials very similar to those of the corresponding recombinant wild types and are able to sustain aerobic growth on a nonfermentable carbon source of a strain of yeast devoid of its own cytochromes c. This contradicts the suggestion that proline-30 is essential for the proper folding and function of the protein (1). The reported observation (7) that mutants of the yeast iso-2-cytochrome c at that position could not be obtained in quantity because the transfected cells grew very poorly probably results from the low pKa of 8.6 (28) for the alkaline ionization of the yeast cytochrome. If a mutation at proline-30 lowers this by aboutc will be in the alkaline form, which has a low redox potential (22) and must be physiologically inactive. Interestingly, a proline-30 to alanine mutant has recently been obtained without difficulty for a bacterial cytochrome c2 (9) that has an alkaline pKa of 9.4 (32, 33) .
The drosophila and rat mutants studied here are characterized by dramatic decreases of the stability of the methionine-80 sulfur-heme iron bond, while the overall conformational stability of each protein is very much less affected. The unusual strength of this sulfur-iron bond is a particularly distinctive feature of cytochrome c (6) . Its weakening in the mutants was evident in the effects of extremes of pH, urea, and increased temperature on the proteins in the ferric state.
The alkaline ionization results from a deprotonation of an as yet unidentified group, followed by a conformational change that includes the cleavage of the sulfur-iron bond (34) . The observed ionization constant is the product of the dissociation constant of the unidentified residue times the equilibrium constant of the conformation change represented by Eq. 1. Since the mutations do not directly involve ionizable side chains, the observed decrease in the pKa is most likely due to a shift of this equilibrium to the right, which corresponds to a decreased stability of the sulfur-iron bond. In the acid ionization, the cleavage of that bond is accompanied by a change in the spin state of the iron, made evident by an increase in the magnetic moment and the appearance of a band at 620 nm (31) . These changes are commonly attributed to ligation of the iron by a molecule of solvent, displacing the methionine-80 sulfur, followed by movement of the iron out of the plane of the porphyrin, toward the imidazole ligand (35) .
The concentrations of urea required to shift the equilibrium represented by Eq. 1 towards the Fe-X state were much lower for the mutant than for the wild-type proteins (Fig. 2) . By contrast, the mutations had a significant, but considerably smaller, weakening effect on the resistance of the proteins to overall denaturation by urea, as shown by ultraviolet CD and tryptophan fluorescence titrations of the drosophila and rat proteins, respectively.
As described above, the urea-induced cleavage of the methionine-80-heme iron bond is not (36, 37) . Moreover, the substitution of proline-30 has a series of potential consequences on the free energy of folding of the peptide chain, which include the creation of a cavity in a highly hydrophobic environment, which should weaken this portion of the structure more when the substituting side chain is alanine than when it is valine (38) ; the possibility that new hydrogen bonds may be formed between the extra imino group introduced by the substituting residue and various acceptors located at hydrogen-bonding distance; and the alteration of the hydrogen bonds adjacent to position 30, resulting from increased rotational mobility of the substituent side chain. It is of interest, in this regard, that the ybend of residues 27-29 lacks a hydrogen bond between the carbonyl of residue 27 and the imino group of residue 29, which would form a seven-atom ring as usually occurs in such bends (39) (see Fig. 1 ). This could indicate the presence of conformational strain in this area of the protein, which may have been relieved by the mutations.
The striking specific decrease in stability of the methionine-80 sulfur-heme iron bond, located at a considerable distance from the site of the mutations, may be due to an intrachain allosteric effect that is caused by one or more of the possible changes enumerated above and that is transmitted along the protein chain to the methionine-80 side chain. However, another mechanism would also appear to be likely. In the native protein the imidazole ring coordinated to the heme iron is perpendicular to the porphyrin plane and its projection almost exactly bisects two of the four N-Fe-N angles of the heme (3, 4) . This structural arrangement has two important consequences: first, it minimizes the tendency of the imidazole to move away from the porphyrin plane as it does in the ferric globins (40) , ensuring the low-spin state of the metal that characterizes cytochrome c and most of its complexes; second, it minimizes the overlap between the imidazole ring ir orbital and the dxz and dyz orbitals of the iron (41) . In these circumstances the metal d electrons have maximal probability to delocalize into the sulfur ligand lowlying, empty d orbitals, with the consequent strengthening of the sulfur-iron bond (6) . All the potential structural effects of the mutations, listed above, would increase the rotational freedom of the histidine-18 imidazole, allowing it to "wobble" toward a position similar to that of the proximal imidazole of myoglobin and hemoglobin, in which delocalization of iron electrons into the trans ligand is less favored. This would shift to the right the equilibrium described by Eq. 1, representing a weakening of the methionine-80 sulfur-heme iron bond.
